Cellular responses to oxygen are increasingly recognized as critical in normal development and physiology, and are implicated in pathological processes. Many of these responses are mediated by the transcription factors HIF-1 and HIF-2. Their regulation occurs through oxygen-dependent proteolysis of the alpha subunits HIF-1α and HIF-2α, respectively. Both are stabilized in cell lines exposed to hypoxia, and recently HIF-1α was reported to be widely expressed in vivo. In contrast, regulation and sites of HIF-2α expression in vivo are unknown, although a specific role in endothelium was suggested. We therefore analyzed HIF-2α expression in control and hypoxic rats. Although HIF-2α was not detectable under baseline conditions, marked hypoxic induction occurred in all organs investigated, including brain, heart, lung, kidney, liver, pancreas, and intestine. Time course and amplitude of induction varied between organs. Immunohistochemistry revealed nuclear accumulation in distinct cell populations of each tissue, which were exclusively non-parenchymal in some organs (kidney, pancreas, and brain), predominately parenchymal in others (liver and intestine) or equally distributed (myocardium). These data indicate that HIF-2 plays an important role in the transcriptional response to hypoxia in vivo, which is not confined to the vasculature and is complementary to rather than redundant with HIF-1.
vascular tone, enhancement of glycolysis, and cellular glucose uptake (2) (3) (4) (5) . HIF consists of a heterodimer of α-and β-subunits, both basic helix loop helix (bHLH)-per arnt sim (PAS) domain proteins. HIFβ is widely and constitutively expressed, whereas the alpha subunit is inversely controlled by cellular oxygen supply. In the presence of oxygen, prolyl residues of HIFα are hydroxylated and subsequently ubiquitination and proteasomal destruction occurs (6, 7) . Lack of oxygen leads to HIFα stabilization and nuclear accumulation. The evolutionary importance of the HIF system is confirmed by its conservation in C. elegans (8, 9) . This simple multicellular organism, in which oxygen distribution is by diffusion from the environment, has only one HIF alpha subunit with a single prolyl hydroxylation site.
In contrast, in mammalian cell lines, two isoforms of HIFα, HIF-1α and HIF-2α, have been identified (10) (11) (12) (13) , each containing two prolyl hydroxylation sites (6, 7, 14) . Both share a high degree of sequence homology (10-13) and a similar domain structure (15) . They also show very similar regulation characteristics in human cell lines in vitro (16) , and are induced by hypoxia within minutes (17) . The more complex internal environment of higher organisms, as compared with C. elegans, together with the need to pattern and adjust specialized oxygen delivery systems, presumably requires a more flexible oxygen response system. The presence of two different HIF alpha subunits could be important in achieving this flexibility. Defining the relevance of HIF-1α and HIF-2α appears important therefore to understand the complexity of the transcriptional response to hypoxia. Moreover, from a therapeutic point of view, understanding the different roles of both subunits may be crucial in order to achieve a benefit from manipulating a pathway with such pleiotropic actions. So far, however, the expression pattern and the extent to which HIF-1α and HIF-2α exert similar or distinct functions in vivo, is unknown.
Based on initial reports showing high levels of expression of HIF-2α mRNA in endothelial cells and some highly vascularized tissues, it was originally termed "endothelial PAS domain protein-1 (EPAS-1) (10) . The assumption that this subunit is predominantly involved in hypoxic adaptation of the vasculature was supported by the observation that HIF-2α seems to have a stronger transactivation activity than HIF-1α on the promotor of vascular endothelial growth factor (VEGF) (10, 11, 16, (18) (19) (20) . Moreover, overexpression of HIF-2α, but not HIF-1α, was found to enhance expression of the endothelial tyrosine kinase receptor Tie2 (10) .
Studies of human tumors showed a positive correlation between the expression of HIF-2α, tumor vascularization and growth (21, 22) . In one study HIF-2α was found to be an independent adverse prognostic indicator (23) , which was not so clear for HIF-1α. Importantly, however, the expression of HIF-2α in tumors is not confined to vascular cells, but includes cells of the tumor parenchyma as well as tissue macrophages (21, 22, 24, 25) .
Gene ablation studies have shown that a number of genetic pertubations to either HIFα isoforms are embryonically lethal (26) (27) (28) (29) . This finding confirms the biological importance of these responses and establishes that redundancy is limited. However, the effects on development limit the utility of this approach. It is important therefore to complement the genetic strategy with knowledge of how and when the HIF-1 and HIF-2 systems are activated in normal tissues. Only recently a first analysis of the tissue expression of the HIF-1α isoform was published (30) , showing that this isoform is present in cell populations of different organs already under normoxic conditions and that the expression is markedly enhanced under systemic hypoxia. Comparable data are not available for the expression of HIF-2α.
We recently raised antibodies against rodent HIF-2α and established a sensitive and specific immunohistochemistry procedure. In the kidney, where oxygen gradients are particularly steep, we showed that HIF-2α is induced by hypoxia in peritubular endothelial cells and fibroblasts, whereas HIF-1α is expressed in tubular cells, demonstrating for the first time that different cell populations in the same organ in vivo can employ different aspects of hypoxic response pathways (31) .
Having established that immunodetection of HIF-2α is feasible and intrigued by the findings in the kidney, the current study sought to systematically study HIF-2α expression in the rat by using immunoblotting and immunohistochemistry. In particular, we were interested to assess whether the ability to induce HIF-2α is widespread or limited to certain tissues and whether it is confined to stromal cells, particularly endothelial cells. We also wished to determine to what extent the mRNA was differentially expressed in different organs and whether HIF-2α protein levels are related to different levels and modulation of its mRNA.
MATERIALS AND METHODS

Animals and experiments
The study was approved by the Institutional Review Board. Experiments were performed on male Sprague-Dawley rats weighing 200-280 g, by using an airtight plexiglass cabinet that was continuously flushed with premixed gases. Normobaric hypoxia was achieved with 8% O 2 , balance nitrogen. Functional anemia was achieved with 0.1% carbon monoxide (CO), balance ambient air.
Generation and purification of antibodies
Rabbits were immunized with a fusion protein consisting of gluthathione-S-transferase (GST) fused to amino acids 337-439 of mouse HIF-2α. This region is highly conserved with HIF-2α in rat but differs to HIF-1α. Two polyclonal antisera were raised, termed PM8 and PM9. For immunoblotting PM9 serum was first passed through a column containing GST coupled to Sepharose 4B (Amersham Pharmacia Biotech, Little Chalfont, U.K.) and then affinity purified with GST-HIF-2α (337-439) fusion protein coupled to Sepharose 4B.
Immunoblotting
In order to characterize the antibodies and standardize individual blots, reticulocyte lysates (TNT, Promega, Madison, WI) were programmed with full-length cDNA encoding HIF-1α and HIF-2α. The rat endothelial cell line RBE4 (a gift from Hugo Marti), expressing both HIFα isoforms, served as positive control for a hypoxia-inducible signal. For protein extraction of tissues, the animals were killed by cervical dislocation and the organs were removed and frozen in liquid nitrogen. For the intestine, the lumen was quickly rinsed with ice-cold PBS, emptied, and sectioned. The duodenum could be frozen most rapidly and reliably. For protein and RNA extraction of the brain the cortex was used. Tissues were weighed and homogenized into extraction buffer as described previously (16, 32) . Extracts were quantified with the Bio-Rad DC protein assay (Bio-Rad, Munich, Germany), and 50 µg of total protein were separated by 6% SDS-PAGE. Proteins were transferred onto Immobilon P membranes (Millipore, Bedford, MA) overnight, and then probed with either immunopurified PM9 (1:500) or ab-199 (1:1000, Novus Biologicals, Littleton, CO). The latter has been generated with the immunogen of mouse HIF-2α 632-646, therefore representing a separate region from the one used in our approach, further strengthening the specificity of results. Detection was by enhanced chemiluminescence (SuperSignal West Dura, Pierce, Rockford, IL). Each membrane was finally stained with Comassie blue to assess for equivalence of transfer and loading.
Immunohistochemistry (IHC)
To ensure that fixation was rapid and precisely controlled, organs were perfusion fixed in situ. On removal from the cabinet, a polyethylene tube was inserted rapidly into the infrarenal aorta and the inferior vena cava incised. Perfusion was performed with 330 mosmol/l sucrose in phosphate buffered saline (PBS) for 10 sec at a constant pressure of 240 mmHg, followed by freshly prepared 3% paraformaldehyde (PFA) in PBS (pH 7.4) at 240 mmHg for 1.5 min and 100 mmHg for 3.5 min and then again by sucrose/PBS to stop fixation. After this procedure the organs were transferred to 330 mosmol/l sucrose in PBS with 0.02% sodium azide. After 1-3 days, samples were embedded into paraffin. Specimens were cut into 4 µm sections, de-waxed, and rehydrated in a series of ethanol washes and were placed into distilled water prior to staining. Slides were coated with 3-aminopropyl-tri-ethoxysilane. Immunohistochemical staining was performed as described in detail previously (31) . A commercial catalyzed signal amplification kit (CSA, DAKO, Hamburg, Germany), based on a streptavidin-biotin-peroxidase reaction, was used according to the manufacturer's instructions. For antigen retrieval, slides were cooked for 90 sec in target retrieval solution (DAKO) by using a pressure cooker. To identify HIF-2α, PM8 and PM9 sera were used at a dilution of 1:10.000. Sections were incubated 1 h at room temperature and then overnight at 4°C. Thorough rinsing was followed by incubation with biotinylated secondary anti-rabbit antibody. Diaminobenzidine was used as substrate. All incubations were performed in a humidified chamber. Between incubations, specimens were washed 2-4 times in buffer (50 mM Tris-HCl, 300 mM NaCl, 0.1% Tween-20, pH 7.6). Samples were processed in parallel with control samples from normoxic animals. Other control reactions, such as the omission of primary antibody and the use of pre-immune serum from the same rabbits, gave no significant signal. Finally, the sections were counterstained with Richardson's staining solution and were analyzed with differential interference contrast (Leica DMRB microscope, Bensheim, Germany) and digital image capture (Visitron, Puchheim, Germany). Identification of neuronal cells was performed with the specific mouse-anti-neuronal nuclei antibody (NeuN, Chemicon, Hofheim, Germany) at a dilution of 1:200; astrocytes were recognized by staining against the glial fibrillary acidic protein (GFAP, DAKO) at a dilution of 1:500.
RNA analysis
Total RNA was extracted by homogenizing tissues in RNAzol B (Biogenesis, Poole, U.K.) according to the manufacturer's instructions. RNase protection assays were performed essentially as described previously (33) . 32 P-labeled riboprobes were generated by using SP6 or T7 RNA polymerases (Roche, Mannheim, Germany) of HIF-2α nt 1654 -1959 (accession no. AJ277828) and U6 small nuclear RNA nt 1-107 (U6sn, accession no. X01366). Radiolabeled riboprobes were protected from RNase digestion by hybridizing to 30 µg of total RNA for HIF-2α and 1 µg total RNA for U6sn, at 60°C or 55°C, respectively. The latter was used as internal control for each sample, adding 1/10 (i.e., 100 ng) of each reaction to its appropriate sample after RNase digestion. After resolution on 8% polyacrylamide gels, signals were quantified using a phosphor imager (Fujix, BAS 2000, Fuji, Japan).
Reagents
Unless otherwise indicated chemicals were purchased from Sigma (St. Louis, MO).
RESULTS
Antibody characterization
A commercially available antibody against HIF-2α, ab-199, gave satisfactory results in immunoblots, but we found that it did not give an interpretable signal in immunohistochemical procedures. We therefore raised polyclonal antibodies against HIF-2α. Two suitable antisera were generated from independent immunizations: PM8 and PM9, of which the latter showed higher specificity (data not shown). In order to characterize the antibodies we performed immunoblots on in vitro transcribed and translated reticulocyte lysates programmed with either mouse HIF-1α or HIF-2α and whole cell extracts from rat endothelial RBE4 cells, cultured in normoxia or hypoxia (1% O 2 ). Figure 1 shows these blots for the antibodies ab-199 and PM9. Both recognized mouse and rat HIF-2α at the predicted molecular weight of approximately 110 kDa without cross-reacting with HIF-1α. As expected, the cell culture extracts showed a marked increase of the signal after hypoxic incubation.
Hypoxic induction of HIF-2α in rats
In order to assay for HIF-2α protein regulation in different organs we first wished to establish a reliable protocol for hypoxic induction in vivo. Induction of EPO in rats, the prototype of HIFdependent target genes, can be reproducibly achieved either by exposing animals to several hours of normobaric hypoxia (8% O 2 ) or to carbon monoxide (0.1% CO) (34) . When used at a concentration of 0.1%, CO blocks approximately 50% of the oxygen transport capacity of hemoglobin, as measured in arterial blood gas samples (data not shown), thus leading to severe functional anemia and tissue hypoxia. As induction of EPO is expected to reflect activation of HIF, we used similar experimental conditions to those previously shown to induce EPO. As expected, both conditions led to a marked increase of EPO mRNA in kidney extracts after 6 h of exposure, and CO was the slightly stronger stimulus ( Fig. 2A) . Whole cell protein extracts of liver and kidney obtained from the same animals showed little or no expression of HIF-2α on immunoblots under baseline conditions. Exposure of the animals to 8% O 2 led to a modest and varying increase of HIF-2α. The intensity of the signal seemed to depend on the time interval between removal of the animals from the hypoxic chamber and freezing of tissues, possibly indicating the onset of HIF degradation due to reoxygenation. In contrast, exposure to CO led to a pronounced induction of HIF-2α, which showed little variation in between experiments (Fig.  2B) . Due to the much higher affinity of CO to hemoglobin when compared with oxygen, hypoxic stimulation using CO presumably persists for some time when animals are returned to ambient air.
For further analysis of the expression of HIF-2α, we therefore generally exposed animals to CO. Because immunoblotting of the tissue extracts with the antibody ab-199 produced cross-reactive bands closely surrounding the specific signal, immunoblots were generally performed with the antibody PM9, using ab-199 to confirm the principal data.
Similar as for liver and kidneys, protein extracts of brain, heart, lung, and duodenum showed low or undetectable levels of HIF-2α expression under baseline conditions. Exposure to CO for increasing time periods revealed a time-dependent induction of HIF-2α in all organs assayed, apart from the lung (Fig. 3A) , where HIF-2α protein expression was only very weakly increased. Almost all organs displayed a response to CO within 1 h and showed a continuously increasing expression for up to 6 h of exposure. In liver, however, the HIF-2α response was delayed for up to 3 h and then showed a rather marked increase to a level exceeding that in all other organs. Following continuous exposure of animals to CO for 12 h the abundance of HIF-2α decreased in comparison to levels achieved after 6 h (data not shown). However, after this duration of exposure to either normobaric hypoxia or CO the animals appeared severely impaired, hence we could not exclude secondary effects with potential intraindividual variance such as hypotension or hypoventilation. Figure 3B shows the expression of HIF-2α in all organs of two rats exposed to CO for 6 h, allowing a direct comparison of protein abundance in several organs. Consistently the strongest induction of HIF-2α could be seen in liver, followed by kidney and duodenum, brain, heart, and then lung, when exposed to CO.
Cellular localization of HIF-2α induction
In order to assess for cellular sites of HIF-2α expression, we performed immunohistochemistry (IHC) on perfusion fixed tissues. Specific nuclear staining was achieved with signal amplification (see Materials and Methods). Both antibodies, PM8 and PM9, gave consistent results in IHC, but PM9 showed higher sensitivity and specificity (data not shown). We therefore performed the principle studies with PM9.
Tissues of control animals did not show any cellular expression of HIF-2α. Comparing exposure to 8% O 2 with 0.1% CO, the differences in IHC were not as evident as those seen by immunoblotting. Both conditions led to pronounced nuclear accumulation of HIF-2α in all tissues investigated (Figs. 4-6) . Interestingly, the proportion of interstitial and parenchymal cells staining positive for HIF-2α varied markedly between organs. As we described recently, HIF-2α immunolabeling in kidney was observed in the interstitium of medulla and cortex as well as in glomerular endothelial cells (31) (Fig. 4A) . The renal tubular system did not show any immunoreactivity. In marked contrast, in the liver strong staining of hepatocytes was seen, and interstitial cells only occasionally stained positively. The number of hepatocyte nuclei containing HIF-2α increased from the periphery to the center of liver lobules. In the vicinity of the central vein virtually every cell nucleus was positive, whereas weak or no staining was found around the portal triads (Fig 4B) . The duodenum displayed staining for HIF-2α in virtually all epithelial cells lining the intestinal lumen and in addition, in some interstitial, most likely endothelial cells (Fig. 4C) . However, the majority of stromal cells of the villi and cells in the submucosa and the intestinal wall were negative. Other sections of the intestinum, the jejunum and ileum, showed weaker and inconsistent accumulation of HIF-2α (data not shown). The pancreas displayed nuclear accumulation of HIF-2α solely in interstitial cells (Fig. 4D) . In the heart, the proportion of cell nuclei from myocytes and interstitial cells staining positive was similar (Fig. 4E) . At least some of the interstitial cells containing HIF-2α were clearly capillary endothelial cells.
The cortex of the brain, as well as the hippocampal region and the cerebellum, showed clear staining of endothelial cells as well as of a proportion of glial cells (Fig. 5A-C , right hand panels). There was no co-localization between the cellular expression of HIF-2α and the specific neuronal marker NeuN in any section of the brain (Fig. 5D) . Cytoplasmic anti-GFAP counterstaining demonstrated clear co-localization of approximately 20% of astrocytes with HIF-2α positive nuclei (Fig. 5E) , clearly showing that glial cells can express HIF-2α. Interestingly, as could be seen in the heart, only a proportion of the particular cell type stained positive.
The lung was the only organ where a marked difference was observed between exposure to CO and normobaric hypoxic hypoxia. In contrast to all other organs, pulmonary induction of HIF-2α in the lung in animals exposed to CO was very weak (Fig. 3A) , whereas exposure to 8% O 2 led to a sharp increase in protein abundance (Fig. 6A) . IHC in animals exposed to 8% O 2 showed strong and frequent nuclear staining of pneumocytes type II, whereas only weak staining of cells was observed in response to CO. In contrast, the endothelial lining of pulmonary arteries showed strong nuclear signals in response to both conditions (Fig. 6B and data not shown).
Expression and modulation of HIF-2α mRNA
In order to determine whether the strong induction of protein abundance is at least partially achieved by an increase in steady-state mRNA levels, we performed mRNA protection assays from rats treated with CO for 6 h. Figure 7A shows representative results for the mRNA abundance of HIF-2α in different tissues under control and stimulated conditions, and Figure 7B illustrates baseline mRNA levels for the different tissues of a single animal for direct comparison. In accordance with previous findings (12), we found the highest amounts of HIF-2α mRNA in lung, followed by heart, liver, kidney, brain, and duodenum ( Table 1) . Exposure of the animals to CO did not lead to a significant and reproducible change of mRNA abundance in kidney, heart, brain, lung, and duodenum. Only the liver showed a moderate, 2.5-fold increase of HIF-2α mRNA abundance (Table 1) . A time course experiment of 0, 1, 3, 6, and 12 h of exposure to CO in kidney, liver, heart, and brain also showed no regulation at any time point, with the exception of liver at 6 h (data not shown).
DISCUSSION
The principal finding of the present study is that the HIF-2α isoform of the hypoxia inducible transcription factor family is widely up-regulated in specific cells of different organs under conditions of reduced tissue oxygen supply. These observations were made under two different forms of systemic hypoxia; normobaric hypoxic hypoxia (exposure to an atmosphere of 8% O 2 ) and exposure to carbon monoxide, which does not affect arterial oxygen tensions but blocks blood oxygen carrying capacity.
Despite the widespread induction in all tissues investigated, the level of induction and cell populations up-regulating HIF-2α varied considerably between different organs. In vitro data indicate that regulation of HIFα subunits principally occurs through changes in protein stability. Hydroxylation of two proline residues of HIFα, which are located in structurally conserved regions of HIF-1α and HIF-2α, has been found to be the decisive oxygen regulated step (6, 7, 14, 35) . Following proline hydroxylation, HIFα subunits are targeted for proteasomal degradation by a von Hippel Lindau protein-dependent E3 ubiquitin ligase (36) . The extent to which HIFα mRNA abundance may also be influenced by oxygen has been somewhat controversial. The majority of groups have not observed an induction of HIFα mRNA levels by hypoxia in cell lines. Some in vivo studies, however, have reported an increase of HIF-1α mRNA under prolonged ischemic conditions (37) (38) (39) . Consistent with a recent investigation that reported HIF-1α mRNA expression in mice (30) , the induction of HIF-2α observed in the current study was unrelated to changes in HIF-2α mRNA abundance (Fig. 7) , clearly supporting the view that regulation in vivo is primarily through post-translational mechanisms. A moderate increase in HIF-2α mRNA was observed only in liver. However, we mainly assayed the mRNA abundance after 6 h of hypoxic stimulation, when protein induction was at its peak. It appears therefore that maximal protein induction does not depend on modulation of mRNA abundance, although induction of HIF-2α mRNA at time points longer than 12 h cannot be excluded. Whether the total abundance of HIF-2α mRNA in certain tissues is of importance for the ability to induce HIF-2α protein is less clear. In our study the organ with most expression of HIF-2α mRNA, the lung, showed a marked potential for inducing protein levels, when induced by hypoxia (Fig. 6A) . In other organs the relation between mRNA and protein abundance was less clear. For instance the duodenum showed least expression of the HIF-2α mRNA, but the third highest levels of protein inducibility.
In support of the direct influence of oxygen tensions on HIF regulation, we could observe direct evidence for an association of HIF-2α induction with tissue oxygen gradients in some tissues. In the liver there was a clear zonal distribution with an increase of signals towards the central vein (Fig. 4B) , which matches the known decline of oxygen tensions from the periphery to the center of the liver lobule and the expression profile of EPO in anemic mice (40) . The most striking illustration of the impact of predicted patterns of oxygen comes from our studies of the lung. In contrast to all other organs investigated, CO did not stimulate HIF-2α in lung parenchyma, although exposure to an atmosphere with reduced oxygen concentration (8% O 2 ) strongly induced HIF-2α in pneumocytes (Fig. 6D) . This finding is concordant with the fact that alveolar cells are supplied with oxygen from the inspired gas, rather than through blood oxygen transport; 0.1% CO is therefore not expected to alter oxygenation of these cells. Interestingly, a similar difference between stimulation with CO and exposure to reduced ambient oxygen concentrations has previously been observed for the expression in the lung of the adrenomedullin gene (41), a known HIF-dependent target gene (42) . In contrast to pneumocytes, endothelial cells of pulmonary arteries showed HIF induction in response to both types of stimulation, presumably due to the reduction of the oxygen tension of pulmonary artery blood under both conditions. Despite the fact that reducing oxygenation clearly activated HIF-2, there is an apparent paradox. Tissue oxygen tensions in several organs, even under the conditions of systemic hypoxia used in this study, most likely remain higher than in certain areas of the body under "normoxic" baseline conditions. Even so, no basal expression of HIF-2α was observed at any site, not even in the renal papilla, where oxygen tensions are normally around 10 mmHg (43) . The data argue strongly that HIF activation in vivo is not invariably linked to a specific oxygen concentration in all cells. Rather, the cellular oxygen response operates at different levels of sensitivity in different cells and tissues and presumably can adapt to local oxygen tensions.
In keeping with the operation of adaptive processes we found a down-regulation of HIF-2α protein levels after 12 h of hypoxic exposure compared with levels achieved after 6 h. Similar observations have been made during the study of HIF-1α expression in vivo (30) and the expression of HIF target genes, such as EPO (44) . The level at which this down-regulation is achieved, is not yet clear. Because it is also seen in isolated cells in vitro (16) , it is not restricted to changes in local oxygen delivery. Two of the three identified prolyl hydroxylases responsible for HIFα hydroxylation are inducible by hypoxia (8) , and this response could form the basis of a negative feedback regulation.
Comparing the results of the present investigation with data on the regulation of HIF-1α in mice, as recently reported by Stroka et al. (30) , reveals significant similarities in the expression of both HIFα transcription factor isoforms, but also a number of important differences. First Stroka et al. observed by immunhistochemistry, although not by immunblotting, that HIF-1α is already expressed under "normoxic" baseline conditions, which contrasts with our findings for HIF-2α. Second, HIF-1α induction in kidney and liver was only transient and had disappeared after 3 h, whereas we found that HIF-2α expression was sustained for more than 6 h in all organs studied. Third, at least in liver and kidney, more severe hypoxia (6% O 2 ) was required to induce HIF-1α than HIF-2α, which is in accordance with our previous observations in vitro, indicating that HIF-2α is induced at higher oxygen concentrations (16) . Fourth, the lung appears to be an interesting exception in comparison with all other organs, in that we could demonstrate its ability to induce HIF-2α, whereas HIF-1α was undetectable even at 6% ambient oxygen. Fifth, within organs expressing both HIFα isoforms, the overlap of cellular expression was variable. Thus hepatocytes, cardiomyocytes, and myocardial endothelial cells seem to respond to hypoxia with up-regulation of HIF-1α and HIF-2α, whereas in kidney and brain both isoforms are inducible in different cell populations. In both organs, HIF-2α was confined to non-parenchymal cells, that is, glomerular and peritubular endothelial cells and fibroblasts in the kidney and endothelial cells and glia cells in the brain. In contrast, HIF-1α is expressed in renal tubuli and neuronal cells. Sixth, although Stroka et al. regularly observed cytoplasmic staining for HIF-1α in addition to nuclear accumulation, we found HIF-2α expression only in cell nuclei and only under hypoxic stimulation, which could indicate differences in the kinetics of nuclear translocation.
Although some of these differences may well be related to different experimental conditions, including the species under investigation and specificity as well as sensitivity of the assay procedures, these findings indicate overall that redundancy in the induction and thus function of HIF-1α and HIF-2α is limited. We presume both have complementary functions in a coordinated transcriptional response to hypoxia. Under in vitro conditions both isoforms are capable of binding hypoxia response elements of target genes. However, it has been suggested that in contrast to HIF-1α, DNA binding of HIF-2α is further controlled by a redox mechanism (45) .
Thereby differential function could be achieved even in cells that activate both HIFα isoforms at the protein level.
In summary, these data indicate that posttranscriptional induction of HIF-2α plays an important role in the transcriptional response to hypoxia in vivo, which is not confined to the vasculature and is complementary to rather than redundant with HIF-1α induction. Expression and modulation of HIF-2α mRNA abundance in several organs of rats under baseline conditions, or 6 h of hypoxic stimulation with 0.1% CO. Values shown for expression are arbitrary units, referred to the lowest expressing organ (duodenum) as 10. The ratio of the abundance of mRNA after hypoxic exposure to baseline is given as the fold change. All individual values were normalized to the internal control, U6sn. , and functional anemia induced by carbon monoxide (0.1% CO). U6 small nuclear RNA (U6sn) was used as internal control. B) Immunoblots for HIF-2α by using 50 µg of tissue extracts of kidney and liver with two independent antibodies, PM9 and ab-199. Individual animals were subjected to 8% O 2 , 0.1% CO, or ambient air (control) for 6 h. As standard, 2 µl of in vitro transcribed and translated reticulocyte lysate (IVTT 2α) was loaded onto each gel for comparison of exposure. Position of the 97 kDa molecular weight marker is indicated on the left. Arrows indicate the position of HIF-2α. Normobaric hypoxia (8%O 2 ) led to a weak and varying increase of HIF-2α abundance in kidney and liver. ab-199 produced cross-reactive species closely surrounding the specific signal. Functional anemia induced by CO led to a marked and consistent induction of HIF-2α in kidney and liver. 
